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F OREWORD

This rcpo_ describes the work done for the National Aeronautms and Space

Administration under contract number NAS 8-Z604. The contract originally had

as its objecti_e the construction of two state-of-the-art atomic hydrogen masers.

Work beg_n early m 1962 and at that time the notion of an easily transI-ortable

maser was a rather tenuous one since vacuum systems te handle and dispose of

hydrogen were all rather bulky, requiring diffusion pump. _ and the necessary cold

traps. The first encouraging signs of being able to construct a compact system

came from experiments then in progress with VacIon pumps which, when operated

at reduced voltage, could dispose of large quantities of hydrogen, enough to give

alifetime foz a hydrogen device of about one year.

While the program is one for the construction of two masers, there is the

tm.derl)qug necessi_,y to develop techniques that will take the fullest advantage of

the narrow resonance linewid_h offered by the hydrogen maser, ard the develop-

men_ of the maser as a frequency standard and clock is an obvious goal. There

are in the hydiogen maser many inherent properties that lead to this. As already

mentioned, there is the extremely narrow resorar.ce linewidth, which can be des-

cribed as having a Q of 109. The device is an oscilla+.or from which power is

received and thus it is differen_ from most other atomic devices which are es3en--

tially very naxrow bandwidth filters at microwa_ e frequencies. There are two

important, advantages i:, this oscillator. The first is that it automatically seeks

the cex;ter of the a*_omic reso_ume without *.he use of electronic or other external

servo techniques. The secoud is that as an oscillator i_ provides a continuous

accumulation of phase without the interruptions common to servo controlled

crystal oscillators.

While it is true that the level of oscillation is low, amplification of the signal

is possible with a penalty being paid in ve!y short term phase stability (. 01 sec. or

less). OveI longer periods, the output is characteristic of the maser sad can be

used to drive devices such as frequency dividers and other phase-locked oscilla-

tor_ providing ultra stable, phase coherent signals at any frequency in the spectrum

now available to elect.ronic devices.

ii.
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As the construction phase of the contract advanced, many new ideas came

to light and concepts of many problems changed. The contract was extended to

include a measurement phase divided into the specific tasks listed below.

Task A -- Conduct a measurement program for long and short
term stability using three hydrogen masers.

Task B -- Conduct measurements to determine the precision
to which a given pair of masers can be reset with
respect to frequency.

Task C -- Conduct measurements to determine very short term
relative stability, Very short term is defined as 0.01
seconds or less; approximately 3 months to complete
after the approval of Task B.

Task D -- Measure the ratio of cesium to hydrogen frequencies
of hyperfine separation; approximately 2 months to
complete after approval of Task C.

Task E -- Compare the two NASA masers with those at Harvard;
approximately one month to complete af' "" approval of
Task D.

These measurements and the understanding of the effects disclosed have

led to knowledge of improvements that can be made. When possible these improve-

ments have been made and incorporated in the devices originally built for NASA.

This report covers the period from the inception of the contract to the end of

May 1963, and does not give the results of the various tasks in detail; however,

at this time of writing much more has been learned about masers and it is

desirable in this "foreword" to outline very briefly the nature of the latest

advances and the direction in which future work should go.

The combination of light weight, small size, and improved stability will

depend mostly on modifications to the cavity and bulb structure. A very promising

advance is possible by combining these two functions in a dielectrically loaded

quartz sphere about 8 inches in diameter. Mechsr.,cal and thermal properties

will be improved and better thermal and magnetic shields a_:d d.c. magnetic field

control will be afforded. The size, weight, and power requirements of the present

pumps can be reduced by the use of sorption techniques using outgassed titanium

hydride, and systems suitable for spacecraft have become possible. For these

applications it is appropriate to further revise the thinking devoted to vacuum sys-

tems. Spacecraft operate in a vacuum far more perfect than that attainable under

iii.
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norm_] conditions on earth, and pumping systems need not be included except

for ground-based testing. While the ueed for ultra high precision clocks aboard

space vehicles may not yet have reached a crucial level, it is now possible to

perform the extremely fundamental experiment of measuring the time dilatation

and gravitational red shift effects to unprecedented accuracy.

Some of the work reported in this text has resulted from very constructive

cooperation of the National Aeronautics and Space Administration with the United

States Navy: and we are indebted to Mr. John Gregory of NASA for making this

possible. The measurements of the cesium-hydrogen relationship was due to

extremely close cooperation between the Office of Naval Research and NASA, mud

involved the followir_g laboratories and agencies: Naval Observatory, Washington,

D.C. ; Naval Research Laboratory, Washington, D.C. ; Bureau of Ships, Wash-

ington, D.C. ; U.S. Coast Guard Loran Stations on Nantucket, Mass., _md Cape

Fear, N.C. ; National Aeronautics and Space Administration, Astrionics Div..

Huntsville, Ala. ; Varian Associates Bo._aac Laboratories, Beverly, Mass, ;

and our grateful acl,mowledgments are extended to Mr. Myron H.C. Criswell,

Bureau of Ships, Mr. John Gregory of NASA, Dr. R. G. Hall, Naval Observatory,

Mr. Harris F. Hastings, NRL, Dr. William Markowitz, Naval t)bser_-atory, and

Mr. R. R. Stone, NRLo

The work of developing th.. design and supervising the construction of these

devices has been done by Mr. Harry Peters o; our laboratory, and the advance

of the program is largely due to these efforts. The competent and enthusiastic

support of Messrs. E. R. Parsons, E. Marison, R. Cochran, R. Hamilton and

W. Kilkelly have been invaluable to this work.

R. Vessot

30 January 1964
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1.0 INTRODUCTION

The hydrogen maser is the result of a search for a new type of maser

operating between two hyperfine leve!s in one of the hydrogen-like atoms.

During the many years of research on atomic beams, the work w_s concen-

trated on atoms that were easily detL_ted by surface ionization and had good

properties for producing atomic beams. From these atomic beam experi-

ments came a wealth of new data on the nature of the atom and, in particular,

the nature of nuclear matter. The early experiments were done without the

use of radio frequency energy and consisted of atomic beams passed through

lnhomogeneous fields; and from the deflections produced by the interaction

of atomic dipole in the gradient of the field, information could be obtained

co._cez_ling the spin and n_sgne_c moment of the nucleus. 1_

Resonance experiments were introduced by 1t_1 and Kellogg in 1938. _,4

These experiments first consisted of applying a magnetic field at the frequency

of precession either Qf the nucleus in an external magnetic field or in the

magnetic field of the electrons. Experiments on resonauces at hi_her and

higher frequencies followed closely in the wake of inventions and discoveries

of high frequency r.f. sources.

It must be borne in mind that these experiments were all concerned with

trajectories and the effect that r.f. transitio_s between levels would have

on the magnetic moment of the atoms and the consequent deflectl_m in an

lnhomogeneous field. The low density of the beam is desirable to weaken

the lnteractio_l between the atoms, making possible "free space" measure-

me_s of very great precision. Techniques to narrow the ltnewidth by extend-

ing the interaction time were developed. These techniques depended on the

duration of the time of flight of the atom through the r.f. l_eractlon space

and led to the invention by RamseyS, 6 of the separated oscillatory field which

later became an important feature on cesium devices used as frequency
standards.

-1-
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It was realized that the detection of r.f. radiation from these atomic

beam devices would be very difficult because of the low densities of atoms

in the r.f. magnetic fields and the difficulties of coupling over long distances

with the problem of frequency shift due to Doppler effects. These difficul-

ties were first overcome in the case of electric transitions where the

interaction of the a_om in the r.f. field is about l0 s times stronger. In 1954

Gordon, Zeiger and TownesT, s reported the operation _f an ammonia maser.

This maser employed an electric state selection mechanism consisting of

a multipole array of rods alternating in polarity creating a strong inhomo-

geneous electric field that focussed the upper state molecules into a long r.f.

ca_qty tuned to the resonant frequency of the transition. The time of flight

through the cavity is in the millisecond range and the natural line breadth

_s _.herefore large. By having a sufficiently high Q cavity and safflciently

high beam 2, x of slate selected atoms, it was possible to operate the device

as an oscfilatcr having good stability. As refinements were made in this net,

*_echnique, some troublesome prope_ies became apparent due to the Doppler

shift in _he cavity and the _tability of the cavity tuning which, due to the rather

low line Q (o_ large line breadth), made the output frequency unstable. Fur-

thermcre, the complicated moleculgr structure led to a multi-line spectrum.

Artemis to operate a maser between magnetic hyperflne transitions con-

t_ued and culminated in the invention in 1959 of the Atomic Hydrogen Maserg, l°,u

by Prof. N. F. Ramsey of Harvard University. The earlier attempts were

made w_th cesium and other alkali metals, and various methods to extend

the .iuteraction time were tried such as buffer gases and wall coated, opti-

cally pumped cells. An important conclusion from these experiments was

that there occurred a strong polarization of the atom on collision with other

atoms either in a gas or as part of a wall, and that the phase of the oscilla-

ting magnetic moment was decorrelated with the r.f. magnetic field in the

cavity.

-Z-
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In 1959 Prof. Ramsey proposed that hydrogen be tried in conjunction
with a storage cell coated with a paraffins or some such substance that pre-

sented a surface of bound hydrogen atoms, and the premise that hydrogen

should be far less polarizable on collision than the heavy atoms having less

well bound valence electrons proved to he true. The hydrogen maser became

the first device of its kind to operate between £_ergy levels joined by mag-

ne_ic dipole transitions. The success of the storage bulb method results

from mechanically storing atoms using predominantly electrical forces that

have very little effect on the magnetic interactions which yield the energy

detected by the observer.

The atomic hydrogen maser is described schematically in Figure 1.

Molecular hydrogen is dissociated by an electrical discharge and the atoms

are formed into a beam and passed through an inhomogeneous magnetic field

where, by virtue of the differences in the effective atomic dipole momenta

of the F=I, mF E 1 and 0 states from the F-I, mF_ -1 and F - 0, mF-0
stat_e, the former states are focussed into the aperture of a specially coated

storage bulb located inside an r.f. cavity. The atoms are confined by the

bulb to a relatively unHorm r.f. field having only one phase component. The

cavity is tuned to the frequency of the Fml, mF- 0 -0 F m 0, m F - 0 transi-
tion. The atoms enter the bulb and, making random collisions with the wall,

eventually leave through the entrance aperture. Due to the na+.ure of the walls

of the bu!b there is vary little interaction w!th the hydrogen atoms, and even

tho_lgh there may be as many as l0 s collisions during one second, the atoms

are not seriously perturbed.

The resonance line is therefore extremely sharp. Thermal noise pro-

cesses contribute energy to the cavity which iu turn stimulates further transi-

tious, starting a self-sustaining oscillation ff the energy from the atoms

exceeds the losses in the r.f. fields.

As a frequency standard, the hydrogen maser has the advantage of a

narrow 1Jnewldth restdting from atoms having a long interaction time in a

very unperturbed condition. Doppler shifts of first order are very small

- 3 "
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due to the average velocity of the atoms in the bulb being very nearly zero.

Being a maser oscillator, the device has inheren$1y a low noise performance,

and avoids the disadvan+.ages of electronic servos to seek the center of the line.

Research on hydrogen masers continued a*_Harvard and at Varian where

experiments m__dmeasuremer_ts were made to inve.stigate their properties as

frequenc} s:aadards and clocks. On February 1 oi 1962 work began on the

NASA cc._ract, whose objective was to construct and deliver two atomic hydro-

ger_ masers according _o 2he state of the art and to undertake studies on hydrogen

pumpirg in order to inal_e the device less complicated and more compact.

The sta_e of _.he a_'_ was very rapidly advancing at this time and in order

_o take advantage of late developments the design of ce_am pa_s of the maser

was lef'_ as flexible as possible, while the design of other pa_s, for which no

ou_sta__ding developments could be foreseen, was frozen. The first parts to

be designed i_cmded the mou_ting frame, vacuum manifc'd, and general pump

layou% as well as the hexapole magnet assembly and its mounting hardware.

A ver_.icai orientation was chosen. Two previous masers built a*. Varian

had this des':gn_, which dimimshed considerably the amount of floor space

required as well a,_ offering a more stable mounting for the r.f. cavit.y and

sh:eld s*ruc*.ure.

Previous work at Varian had also pointed out the necessity of enclosing

the r.f. cavity in a controlled atmosphere to avoid tho detm_i_g effec*.s of

changing humidity and barometric pressure in the in.erior of _he cavity. The

fu[',he_ requi rement of good thermal stability made i: desirable _:o house the

cavity in vacuo to avoid the dielectric effects as well a_ _he _hermal gradients.

Another ad,rance made at Varian was the elec_redeless, r.f. excited discharge

tube which allowed considerable reduction in size as well as power consumption

over *.he Wood's_2,13 tube originally used in hydrogen masers.

One of the chief uncez_ainties in the design of a maser for use outside

the laboratory lay in the nature of the hydrogen pumps to handle the expended

gas. The gas flow into the system had been reduced considerably by the usc

-4 --
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ofmultitubesourcecollimatorsforeffusingtheatomichydrogenas a well

definedbeam and diminishingthefluxintheoff-axisdirections.The prin-

cipalp_obiem layinthelow vacuum scavengingpumps oftheproposed

differentlallypumped system. This system was tobe dividedintotwo

chambers inordertoisolatethestorageb,flbfrom thestateselectionsystem.

For a s_oragetime ofaboutl second,thetotalpathoftheaverageatom would

be almostkilometersindistance.Molecularhydrogendoes notappreciably

perturbtheatomictransition.(The firstsuccessfulbulbliningsmade of

paraffinesand alkylchlorosilaneshad bound hydrogenatoms exposed.) IIow-

ever, itwas verydesirableto limitthesecollisionsto avoidphasedecorrela-

tionsand theconsequentquenchingeffects.The upper system was therefore

isolatedfrom thelowerby means ofa collimatorand thissystemwas

separatelypumped.

The firsttwo masers atVarianused VacIonpumps fortheseupper

chambers. Titaniumsputteringpumps seemed extremelywellsuitedfor

hydrogenas thepumping process,inprinciple,shouldproceedunaided

exceptformaintaz'ningclean_itaniumsu_rfaces.The main questionwas that

oftotalpump capacity,and a program formeasuringthiscapac.ityfo-:.use

inthelowervacuum systemwas thenunderway.

The ma_'zifolddesignwas, nevertheless,frozenso thateithertheVaclon

anddiffusionpump combinationor thedoubleVacIoncombinationcouldbe

used. Inthecase oftheoildiffusionpump, thetrappingproblem oftheback-

streamingoilhad been solvedby theuse ofa very largeZeolitetrap. None -

thelessthe systemwas clumsy and inefficien%and !.heuse oftwo Vaclon

pumps seemed more promisingas time piogressed.

Magneticshieldsforprovidinga low, uniformfieldinthebulbswere

and stillare a crucialnecessityforoperatingthemaser. The effectofthe

magneticfield# inthebulbon theoutputfrequencyisgivenby f-fo- z750Hoz

where f istheoutputfrequency

fo isthehyperfineseparationofhydrogenatzerofield

Ho isinoersteds.

# Actually,theaverageofthesquareofthemagneticf.eldoverthevolume

of the bulb. - 5 -
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Apart f.*om causing thie shift in frequency, the magnetic field through its

gradmnts can cause spurious transitions among the magnetic substates,

thus quenching the oscillating moments of the atoms. The magnetic field

dependence also causes atoms that have different trajectories in the inhomo-

geneous field to have different total phase angles, thus smearing out the net

magnetic oscillating vector and, in effect, quenching it. A later part of this

repor¢, will deal with these processes. The importance of the shields is

great and considerable care has been exercised in the design, fabrication,

and procurement of metals for them.

In reporting this work, the design and development of the various com-

ponents will be described. Detailed drawings will be used where necessary;

schematic drawings will be used to illustrate ideas.

-6-
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Z.0 TECHNICAL REPORT

2.1 Frame and Vacuum Manifold

From the experience gained in the research of other masers, it was

concluded that the veI_ical orientation of the maser wa _ better suited to

mechanical stability of the cavity and bell jar assembly. Several factors

entered into this decision. Since the cylindrical cavity to be used was built

of several pieces, the best orientation for mechanical stability was to have

the axis vertical and avoid cantilevered structures that might flex or, in

time, deform under gravity. The support for the bulb inside the cavity also

could more easily and better be made in this orientation. Consideration of

thermal stability of the bell jar assembly demands that the connection to the

pumping manifold offer as little thermal conduction as possible. The ve_i-

cal orientation requires a less strong supporting str_cture and consequently

less heavy wall thickness for the connection to the mmdfold than would be

required for a horizontal layout.

The further considerations of compactness also favor the vertical

design although these are not, at present, of primary importance.

It was then decided that, if possible, the maser should be self-

contained and should only require to be connected to the power mains and

their outputs to a suitable receiver system. As time progressed and the

confidence in the VacIon pumps increased, it was decided that it was impossi-

ble to build a self-contained unit and the frame layout was made to include

the VacIon power supplies as well as the thermal and field control electronics,

the r.f. discharge electronics and the gas handling system. The frame lay-

out Is shown in Figure Z. The details of the end view can be related now to

Figure 1 showing th_ manifold layout.

As will be seen in the discussion of the vacuum manifoki, the appara-

tus is heavy and there is needed a very strong support at the flange joiniug

J'_ lower system _o the bell jar magnetic and shield assembly.

-7 -
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To reduce the amount of magnetic material in the vicimty of the maser,

the frame was made of aluminum e_ruded into a box section equipped with

a ledge intended for the mounting of side panels. A plate of aluminum _/_"

thick is fastened to the top of the frame and suppo_s the maser vacuum sys-

tem assembly a; the }unction of the upper and lower systems.

2.1.1 The Vacuum Syste m

The _ acuum mar, ifold is designed to allow dismantling and changes

within the bell jar as well as the lower system where are located the source,

hexapole and the pumps. Two systems connected by a collimated orifice form

the vacuum ma_.ifold. The lower system, enclosing the source and state selec-

tor, :s pumped by a specially modified 75_/sec VacIon pump operated at low

voltage. Tk_.s par*, of *,he system is operated at about 10 4 mm. Hg pressuIe

and is isolated f_om _,he upper system where a pressure of better than i0 -7

ram. Hg is mair_iair.ed.

The e_tire manifold outside the upper magner, ic shields is fabricated

of type 304 stainless steel tubing. The vertical sectio _ enclosing the hexa-

po_e is made of 6" diameter 0.040" wall and has welded wi_hi_ it a septum

made of inconel to which is fastened the collimated cha'_ei cor_ _c,*,Lg Z,he

upper and lower chambers. The i_.conel septum also serves as _ m_gnetic

shield for the hexapole. 'rubes from these two chambers lead each to a

Vaclo_ pump. Both pumps are located within a common magnetic shield

assembly. The polarities of the magnets are arrar;ged so as to form a

quadrupole in order to reduce the shielding problem.

Flanges of the Varia,_ Con-flat t)-pe are used for vacuum 4ight joints

throughout the system with the exception of the bell jar" seal. These flanges

emplo:y a copper gasket into which a sharp edge is forced by tightening the

loire. Radial expansion of the gasket is preyer.ted b_, a recess in each flange.

Figure 3 shows ,_ typical flange of this type. In all, four sets of flanges are

used and allow the system to be taken apart at the pumps, the source and

the upper bell jar assembly.

1964019783-020



,,I/!I,1
__,'1,"",I/
_'_''J,1/'J,_-,-4-__ "_""_"71t>

t"°"!

4}

1964019783-021



d

1964019783-022



2.1.2 Hexapole Mount_n_

The hexapole magnet is mounted in the manifold and fixed to it by the

fnltowmg scheme.

The magnet is fastened to three posts each reaching down to a ring

recessed into the lower VacIon flange. This assembly, shown in Figure 4

provides the vertical positioning of the ..,nagnet. Three radial screws from

the magnet mounting ring bear on the walls of the manifoid to provide laterai

adjustment and positioning. The magnet is _'isually aligned with the axis of

the manifold and bell jar - cavity assembly. Attar this _ done the septum

is adjusted and tightened into position.

2.1.3 Source Assembly

Since the state selecting magnet and the storage bulb are fixed, it was

tb;.ught advisable that the som'ce of hydrogen atoms be adju_t3ble in position.

Figure 5 sh,_ws the ilemble bellows assembly used to mount the source. One

end of the 4" stainless steel bellows is copper brazed to a Cnn-flat flange

mating to the manifold, the other end is brazed to a stainless steel flange to

which is welded the Kovar sleeve onto which is sealed the glass r.f. discharge

tube. Three screws threaded into the lower flange ai_d bearing against the

co,fflat flange prg"¢ide the ar;justment of the source position iv. the magnet.

The lower flange also provides a location for the glass par_ of the gas hand-

ling system which moves together with the source. Connection of the gas

handling system with the hydrogen supply mounted to the frame is made by

a flexible small diameter copper tube.

2.2 H_.ydr___en Purifier and Flow Control

The desigx_ of this part of the apparatus followed closeiy that which had

been fom-.d to be successful in the experimental masers previously built*. In

these systems the glass discharge tube was connected directly to a palladium

* Contract Nonr 3570(00)

- 9-

1964019783-023



®
i

®

F_gure 4

1964019783-024



!

• 7

!

Figure 5

1964019783-025



tube purifier which, in turn, was left from a VEECO _ variable leak. The

control of the flow ra*e depends on the setting of the variable leak which is

fed from a pressure reg_,lated supply of hydrogen. Hydrogen pressure at

the source and at the impure side of the purifier is measured by Pirani gauge

tubes that connect to the measuring instrument, in this case a C VC _ Autovac

gauge. The system is shown schematically in Figure 6.

Coarse adjustment of the flow is provided by the variable leak; however,

exl_.rience has shown that this device cannot be used for any reproducible

setting of flo_. The fine adjustment is made by varying the pressure from

the re_-mlator and, normally, a pressure from Z to 3 lbs. per square inch

is necessary. The palladium tube offers another means of flow control and

this is used for tu.uhug the masers, and will be described later.

Flux measurements can be made by the following method. Since the

volume of the glass bulb surrounding the palladium thimble is known and the

pressure of the enclosed gas can be monitored, the rate of flow of the atoms

can be obtained from the relation

PV = nRT

vdP = d__n_nRT
dT dt

=Q

The reia_ioa between the pressure and the flow at that pressure can be deter-

mined. Since the measurement is made over a long period of time (approxi-

mately l0 minutes_ the static relationship between flow and pressure is not

far d_.fferent from that obtained by this dynamic method. From these data

the threshold level of oscillation and other quantities such as pump capacity

can be measured.

2.2.1 Hydrogen Pumps

The decision to use VacIon pumps came as a result of the successful

operation of a pump over a period of 218 days at a greater rate of flow than

Vacuum Electronics Corp., Long Island, N.Y.

+ Consolidated Vacuum Corp., Rochester, N.Y.
- l0 -
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that needed to operate a maser. The experimental system is shown in

Figure 7, and the data are given in the 'ollowing section.

It was found that the pump would operate at reduced voltage, thus

diminishing the amotmt of heat dissipated by the cathodes. In time, as

the pump collected more and more hydrogen, it became important not to

heat the cathodes since this caused them to release hydrogen. The discharge

was main*.ained at 1.5 Kv. and 1.5 ma. and served only to keep the titanium

surfaces clean so that they could assimilate the hydrogen. The pump ran

for Z02.25 days, at the end of which the cathode and anode short circuited.

On dismantling the pump, both the anode and the cathodes were found to be

severely distorted. This was expected for the cathodes but not for the anode.

The anode electrode, also made 9f titanium, was not subject to positive ion

sputtering, but nevertheless, since the system was so clean, became well

enough scrubbed by electrons and negative ions that it also contributed to

the pumping. Since the area of the anode structure is large and the cells

made of thin metal, the structure warped seriously when it combined with

an appreciable amount of hydrogen. The cathodes, made of slabs of l/_,,

titanium, are supported at their ends and tend to warp inwards toward the

anode as the titanium combines with hydrogen. This was the reason for

pump failure. The titanium was far from satura*.ed and needed to be properly

supposed to contiaue operation. A redesigned s_ructure was built and is

r,ow operating (as shown in Figure 8).

This new structure cor.sists of titanium cathodes that are suppol_ed

both at the ends and at the midc e aud incorporate slots to relieve the stress

and prevent warping over large distances. The anode structure has been

made of stainless steel and wiil no longer combine with hydrogen:, and

therefore should remain intact.

Further data on pumping by a VacIon device is being obtained from

the operation of such pumps on the two masers.

-11-
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2.2. ? Hyd_oge:: Pumping Experiment _

A Vaclon pump was set up to determine i_s ul';imate capacity. The

system is as shov_ schematically in Figure 7 and consisSs of a palladium

purifier leading to a flow measuring system connected to the VacIon pump.

Two methods of measuring the flow are employed. The first uses "he known

volume aud rate of change of pressure of the gas L_ the bulb of the purifiez

as measured by a Pirani gauge that was previously caiibrated by using a

McLeod gauge. The second method is by measuring the pressure drop

across a constriction of known speed. A further but not, very accurate

method uses the VacIon current as a measure of the pressure i_ the pump.

This Last method is not directly related to the rate of the pumping ir that

direct chemica! combination of atoms w_th the titar/um is _o*, accounted for.

The da%a from *.his experiment are given in Tatie _ ar_d the calcula':_or_s of

the flow measu_ng system and measuremer.t of the gauge cor sta-:;s aze

given below.

Table 1

Opera- F] ow Rate Quant:ty Pamped

Period _ Atoms/'Sec. Moles of H_

I Dec. _Q6'L
16 _.25 x _0'_:' .i4

to 27De_. 196!

27Dec. i96i to

19 J_.y 196Z 202.25 7.56 x 10_ i.i0

Total moles of gas pumped = i. _.'4

Calibration of Flow M..easariug Equipment

The pumping speed of the tubulation be_vee: ::he ¢o: gauges is obtained

as follows:

Length of tube --- 29.0 cm. = £

lns_de diameter = 1.05 cm.

1.05
Radius = T = .525 cm. :- ot

*_ This work was supported by the Office of Naval Research under contract
Nonr 3570 (00).
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Referring to Dushman, _* Chapter Z, p. lO1,

F _ K F o = speed of tube

Fo = 11.428 o_ = speed of orifice at absolute tempera-
ture T for a gas of moleeular weight M

with T = 298°K, for hydrogen,

_ 2_ !iter/sec.-- j_.,Fo •

From Table 3, p.99,

w_th _/o_= 29.0/.525 = 55.Z

K = .0458

and F = (.0458) (33.25)= 1.75_/sec.

The ion gauge constantsmay be obtainedfrom dp/dt measurements

as follows:

V - Volume of palladium purifier high pressure skie and
attached tubular.ions, pressure gauges, traps, valves, etc.

Assuming the pressure, P, is uniform Jn thls volume, the rat_ _,f evolu-

tion through the purifier when the hydrogen supply value is closed may be found.

Let M = PV ---to_ai quantity of gas in V at any time, t. Then the evolutio:_

rate, Q, is given by

dM
dt '

so Q = V (- _ ) sinceViscons_ant.

I=_ PV = pressure atupper ion gauge _,d PL = pressure atthe ion gauge.

Then Q :: F (Pv- PL ) = F PV B (I)

PL

where B = (I - p--_-) ,_,dF is the pumping speed.

Vacuam Tecbniqae, Saul Dushman, John Wiley & Sons, Inc. (1958).
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The ion gauge calibration fa_2_or, K, is given by*
I

K = -..q.-
Ig P

where Ic is the collector current, and !g the grid current.

Inserting the value of P from (1_,

I FB
K = c (2)

IgQ

The values of K found may be compared with published values for similar

ion gauge structures.

The dp dt measurements also give She flow rate dlre_KT. By ta_mg

ion gauge readings _t the same time, the rates may be independeutiy mea-

sured at pressures corresponding to constant operating cond:_ons.

Two types of ion gauges were used in these experiments The fir_

experiment used gauges with structures made of t_r_talum and were of a

geometry similar to commercially available gauges haviv_g gauge co3s=ants

of about 25 for ritroge_-. The hot tantalum metal, however, abscrbs and

beccmes embr'it_ed hy hydrogen, so new ion gauges have beez ob_a,_ed which

have tungs_e __ * +- os_rue_ur_s. These gauges are geome=_caliy sJn_Ia= to older

mn gauges ".,,hich have gauge co._s.ants of about i ' for r.:treger.. _'*

As give= by. AI_<.,_,_.. the gauge constan_ for h_xtroge_._ _s appro.xi-

mately. 5 tha_ for n_trogen.

The secocd hydrogen pumping experiment described ir :_e ._*. _as se _

up with o.ne gauge of each type at the upper end of the tube ¢oas__uct:o,', so

•.hat ualibzation fac*_ors could be obtained beb_. een the two types at the same

pressu,_es. The ra_._o of their gauge constants _as fo_:_d "_obe 1.45 +. 0i.

Thus the gauge readings are related by Ic (tantalum structure) = 1.45 1c

(_,ungster. st:ucture).

• "P_oduction and Measuremen_ of Ultrahigh Vacuum, " D.Alpert, Hand-
buch _er Physlk i_5, Springer-Verlag (Berlin, 1957).
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Before giving the calibration factors obtained by the dp/dt measure-

ments, it must beborne in mind that there are very important sc_rces of

error in using this teclmique, The largest errors appear to be due to the

evolution of gas from the walls, or in flux from other sources such as leaks

or virtual leaks, etc., within the volume, V. Another error can be due to

varia_or, in the quav.tity of hydrogen contained within the palladium metal of

the purifier during the course of measurements. Non-uniformity of pressure

and pumping of the ion gauges are other possible sources. In addition, varia-

tions of 20_. or so between similar gapges from different manuiacturers are

possible.

Firs,. measurements were performed using a McLeod gauge. Flow

rates and gauge constants are given below.

Pressure - ram. HK Flow Rate - mm. - £/sec. K

1.5 1.22x 10 "_ 8.01

1.0 7.3 × 10 "4 7.61

.5 3.51.× I0"_ 6.67

These rates are likely to be low, as are the values for K, since the volume

involved has sources of influx of gas. This was evident from pressure rises

in tk_ sealed off system.

A Hraxi gauge installed near the palladium purifier would give data

less subjec*. ,,o the above errors. The res£ of the data for pumping experi-

men*, No. 1 was obtained *,his way. Typical results are giver below.

Plrani Pres- Rate

Dat_._._e sure_ mm. H_ m.m.-_/sec. K__

12-11-6i 2.70 1.29 × 10.3 9.5

2 -8-62 1.80 1.24 x 10 -_ 9.5

2-11-62 3.50 1.50 x I0-3 10.2

2-15-62 2.80 1.27 x 10 -3 9.77

4-17-62 3.25 1.83 x 10 -3 11.8

4-17-62 1.75 1.23 × 10 -3 10.54

5-i7-62 3.10 1.57 x 10 -_ 12.3

5-17-62 1.80 1.03 x I0 -_ 12. Z

-15 -
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From these data, and in consideration of published values, assumption

of a gauge constant for hydrogen of 10.0 for ion gauges with tantalum struc-

tures and of 7.0 for those with special tungsten structures should involve

errors of no more than _ 15_. Further experimental work should reduce this

uncertainty greatly.

The second hydrogen pumping experiment incorporates the new VacIon

pump cathode structure described in the text. The data is given below.

Table 2

Operating Flow Rate Quantity Pumped

Period Days Atoms/sec Hydrogen Moles (I_}

31 Jan. '63to
II Feb. '63 II 4.64 x I016 .037

Il Feb. '63to

18 Apr. '63 67 7.02 x 1016 .247

TotalQuantity Pumped to Date = .2.84moles Hz

There is no ob_ious reason why thispump should not operate much longer

than the unmcxiifiedVaclon pump inthe firstpumping experiment. The theo-

reticalmax2mum is I.75 atoms Hz for each one of titanium. The mass of the

pump cathodes is measured as 660 grams, which is 13.8 moles oftitanium.

So, ffonly one "atomofHz for each atom of titaniumpro-es to be a practical

maximum concentration,there would be a capacity of b.9 moles ofhydrogen

atoms for one pump, or 3.45 moles of Hz.

Since the present pumping ratei_ approximately I.35 moles per year,

the totaloperatinglifetimefor a pump may be on the order ofthree years.

This is atthe rate offlow used in the seco;idhydrogen pumping experiment,

which is a ratesomewhat higher thanthatneeded to scavenge the beam in

a hydrogen maser.

- 16 -
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Z. 3 Hydrogen Discharge Dissociator

The first hydrogen masers were operated using a Wood's discharge

tube to dissociate the molecular hydrogen. This form of discharge tube

uses a long column of gas between two electrodes that apply a d.c. field

to the gas. High voltages are needed resulting in considerable heating

and sputtering at the cathode. As first used by Wood, lz,13 the gas admit-

ted contained water vapor that acte, J a buffer to prevent recombination.

Later versions, used on hydrogen masers, used a wail coating of dimethyl-

dichlorosilane (drifilm) to prevent recombination, as the presence of

oxygen with its strong magnetic properties was undesirable. These

properties cause magnetic relaxation in the bulb and consequently affect

the operation of the maser.

The size, power consumption and general unwieldiness of the Wood's

tube iesul_ed in the development of a radio frequency discharge dissociator

for the maser. This technique is not new and has been described in the work

of Nagle, Julian and Zacharias, 14 as well as that of Davis, Feld, Zabel and

Zacharias.15 Some guidance in the design of these discharges can be obtained

from the book by Sanford Brown 16 xhere the relationships be_-een the pres-.

sure, frequency of the applied field, and the size of the confining vessel are

explained. The design of the discharge begins with _he flux needed to enter

the focussing magnet as well as the cross-section allowable at the source

in view of the size of the apertuze of the focussing magnet. For a giver, flux

the two parameters, aperture gad flux, determine the pressure in the disso-

ciator. Consideration of beam collimating to .-'educe the flux in unwmlted

directions will follow later. The source pressure normally is in the range

-17 -
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o, Ol to o. 1 ram. Hg wi_,h ape_ures of about 0.5 to 0,8 m_, and for frequencies

near __00inc. the discharge vessel is about 3. cm. in diameter. Under these

conditions easy starting of the discharge is assured.

The interaction of r.f. fields with the gas can occur both in the electric

and magnetic mode. R, F. magnetic fields will cause a toroidal motion of elec-

trons tr, the discharge and the coupling can be described by

_B
7xE = _t

This method has theadvantagethatthereislessbombardment ofthewallsof

thevesselby chargedparticlesand consequentlylesserosionofthewall

coa_ngs.

Electric excitation of the discharge offers _he be_ means of coupling

the e_ergy to the gas. The electrode structure is simple and the resonant

coupEng circuit should be designed with a high L/C ra_o _o ohm= high elec-

tric fields. Provision should be made for tuning the d_scharge resonator as

the electric characteristics of the discharge region will change considerably

when the discharge is sta_ed and the circuit requires retuning once the dis-

charge is lit.

Erosion of the wal: coatings has been found _o oc?u_c and, fortunately,

w!th electric excitation _he glass itself has been found to provide a relatively

non-:_iaxi_g surface. The problem of erosion of *_hesurface s_A exis*_s and

s no.'Aceab_e decomposition of *.heglass has bee_- fou__d*.oo(cur wi*.h +.hepro-

ducts of "_his erosion and decomposlraon deposited as a dark fiim near to,

bu: no_,a*. the posi*.ion of the electrodes. Analysis has show_ that *.hese pro-

duc'_s con*rain no carbon. The films conduct elect-_city only slightly and seem

to consist of Boron Silicon compounds, possibly B-_Si or B_Si from decom-

.position of the Borosil',cate glass of whtch the source vessel is made.

Problems with the discharge have sometimes occurred when the power

level is raised to a high level or when the electrode posW_on has been changed.

At these times the discharge changes in color from the bright red associated

wlth atomic hydrogen to a pale lavender color and even a brownish white

color. This cordftio._ is not permanent and after a few more hours of

- 18 -
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operation the red color of atomic hydrogen returns. A spectroscopic analy-

_. sisofthedischargeundertheseanomalousconditionsis plannedandfurther

sourceexperimentsare alsoplannedwithsubstancesthatmightbe used to

linethesource. The requirementsare thatthesourceliningmust notrc-

combine hydrogenand alsomust notd_-oomposeinthedischarge.
0

Substancessuchas quartzglass,Vycor, etc.,do recombinehydrogen.17

ItispossiblethatBoron Nitride(eitherinpolycTTstallineor epitaxialform),

: Alumina, and some stable Titanium compounds might provide a solution,

Methods of exciting the discharge in a less destructive way may also provide

a solu_on.

Tlaeglasssoarces,however, continueto operatewellwhen leftundis-

turbedand some have been insteadyoperationforover a year withgood

results.

The r.f.power forthedischargeisobtainedfrom a very simplevacuum

tubedeviceconsistingofan oscillator,tripletand power amplif'er.The out-

putfrequencyisabout1i2 mc/sec, andthepower levelisaboutI0 watts.The

r.f.circuitsancithecouplingconfigurationforthedischargea_e shown in

Figure 5.

2.3. i Source Co__timalor

The purpose of the source collimator is to reduce the Flux of atoms in

the off-axis directions. Ideally, the solid m'_le of the beam from the collima-

tor should match the entrance solid angle of the hexapoie. The magnitude of

the source pressure determined, firstly, by the flux requirements and,

secondly, by the r.f. discharge conditions, a!so de_ermines the design of

the collimator. A necessary condition for collimation by a long narrow

channel _s that the mean free path in the source be longer than the length

of the channel. Otherv_se, collisions will occur in the channel and off-axis

_cattering wtll result. In a following section it will be shown that the source

pressures wUl be between 2 x 10-_ and 2 x 10-z ram. Hg.

- 19 -
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This large range of pressure is necessary for implementing the ca:ity

tuning technique which employs spin exchange collisions as a means for

quenching the oscilla_on and hence, varying the effect of detuning of the

maser ca_ity.

The hlghest practical pressure in view of the pumping sFeed available

is about O. Z ram. and at this pressure the mean free path, k, given by

1

)_ = 3¢¢_z _ is density of atoms

_5 z is the collision cross-section
--- 1.7 ram. - 6.4x 10 -16 for a_omic hydrogen.

For the length of the collimator always to be !ess than this mean free

path, a value of 1 mm. has been chosen. Given the length of the collimator,

the diameter, d, of the tubes is chosen so as to give _. o_A,u, at_lon angle, £/d,

matching the entrance half-angle of the m w_et. The maximum er_._raoce

half-angle of "_hemagnet is 3.4 x 10 -z r_,i, ans.

The diameter of the co_iimator _e is given by

d-- _L

-: 3.4 x 10 -z mm.

Ideally, then, the collimator should consl_ _. .... c_lindrical aggregate

of these tubes each of infinitesimal wall thickness a._d the whole to have az,

over-ali d_,ame_er of 1 ram.

In practice, the coliima_or is made of 400 tubes each havkng a diameter

of 0.038 ram. with walls 0. 005 ram. thick. These are fused together by the

fol;owi:g method. Hundreds of small tubes having approximately 3 times the

dimensions noted above are drawn from larger pyrex (Coming 7740) glass

tubes. These are cut into lengths of 5 cm. and sized into batches of about

400 tubes each. A sleeve about 1. Z ram. o.d. with a wall of about. 07 nun.

is drawn from a largez piece of Nonex glass (Coming 7720). This sleeve

is filled with the smaller tubes, taking care that all lie in the axial direction

of the sleeve. "[he ends of the loaded tube are each fused together and to a

- Z0 -
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pieceofglasscane. The aggregateisplacedina controlledoven andcare-

fullysoftenedand stretchedabout3 times itslengthand allowedtocool. In

' cooling, the outer skin cools faster but hardens at a lower temperature than

the inner tubes, allowing the whole to harden at nearlj the same rate. The

outeglas_ sleevehas 3 x I0-_cm/cm/°C more rapidthermalexpansion

thantheinnert_,besand incooling,compresses thetubestogether.The

_' robe:,fusedtoeach otherand totheouterskin,are cutintothedesired

lengthsusinga diamondwheel andlatercleanedinan ultrasonicbath. i

._: Each isinspected,photographedand graded accordingly.Figure9 shows

a microphotographofa 400-tubecollimatormade inthisway.

Z.4 Magnetics_ateSelection

" Multipclefocussingdeviceshavebeen studiedby Bennewitzand Paul_s

Friedburga_d Paul_9J°as wellasby ChristensenandHamiltonzland Lemon-

ick,Pipkina_d Hamiitov.u Sincethetime ofthesereferences,a greatdeal

of use has been made of these devices for focussing beams of atoms and

molecules.

: A very b_Jef description of the focussing ac*Aon will be give_. Tkis

wil/be fcIiowed by the calculation of beam intensities ust,zg *_heextreme t: a-

jecto_es me_,hod.

2.4.1 The l>'2nciple of Opezation of the Magnetic Hexapole Sta_e Selec$or

The energy, W, of an atom having a magnetic d,_'pole momee_, N, ,_n

an exter_aity applied magnetic field, Ho, is -NH o. Now if N "s cons_mlt in

, magnitude and parallel to an associated angular momentum, and if cha,_ges
, /an o .

in H are slo'# compared to many periods of Larmor trequer_cy coL .= I1_ '2

then the prc]ec_ion of _ on Ho is constant and the potential energy, W, is

propot_mnal to 9[ Ho I •

The force on an atom is given by

5W

F = -'7W = - bH--'_"7Ho"

IIi is the angular momentum of the atom.

-Zl -
i'
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When the moment is independent of H o, the energy W is written

W = -_" Ho = -_effH o

then F = _W 7H ° 7 H o
- _H---° = _eff "

_W

In general, there is some dependence of the moment on H o and the term - _H----°
is referred to as the effective component of the magnetic moment in the direc-

tion of '7H o.

Figure D shows the behavior of the hyperfine energy separation of

atomic hydrogen with magnetic field. The quantum number F results from

the coupling of the magnetic moment of the electron with that of the nucleus

and is numerically equal to the total angular momentum of the coupled sys-

tem (in units of h). The coupled system can exist in two states, F = 1 and

F = 0, and the three degenerate components of the upper _tate, F = 1, can be

resolved by a small magnetic field. As the field is increased, the coupled

energy of the particles becomes small compared to their energy in the

applied field, and eventually the coupling energy becomes negligible com-

pared to the energy of the panicle in the fieM (Paschen -back region). The

energy of this interaction in the intermediate region can be described exactly

by the Breit-Rabi formula _3

AWo _I AW° r 1 +
4

W if,m) = - Z(ZI+ 1) I Hom_" _ _ z-_x + x2/

m q

whe! e x =

AW o

(gI - gJ) _o Ho

AW o

gj _ono

4- - AWo since uI << _j

_o is the Bohr magneton,

the plus sign is taken for the upper state and minus for the lower,

I is the angular momentum of the nucleus in terms of h,

AWo is the energy separation at zero field.

- Z2 -
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The hexapole field is one of a family of multipole fields characterized

by a magnetic potential function sin n e, where _ is thc azimuthal field co-

_, ordina*.e. The field I H [ is proportional to r n-l • In the case of the hexapole,

n= 3 aad I H [ is proportional to r z. This is usually written as

= _ q z
H c Hp LrpJ

where H is the field at the pole tips.
P

The force 3 the atom is then given by

! Fr= _eff 7rHo

Z _eff Ho

rpZ

._ For hydroger., using the Breit-Rabi formula,J_

m F = 0, _eff = ± _o . x (here the upper sign is
(1 + xz) I/z chosen for the F-_I state)

_' m F = ..-i, _eff = "__o"

The momen'g is constant for the mF= _.1 sta_es, and for large x values

the _eff of the mF=0 state approaches _o- In view of the approximation .hat

is abou_ to be made, it is well to observe that x=l for a held of about 500

gauss, the field iv. the hexapole used in practice rar, ges from zero at the

center to over 8000 gauss at the pole tips and therefore pu_ivg _eff _:_o

is a good approximatic,3.

Zl oIHo
Fr_ _:kr, k =

rp

Since the force is proportional to the radius, the soluHon is of the simple

harmo,uic type.

r = Acos t + B 3 _ t

where the force is directed towards axis (atoms in state r = 1, mF= +1,0_,

- Z3 -
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and r = A' cosh/ m t + B' sinh f_- t'V m

where the force is away from axis (atoms in state F=I, mF= -1; F=0,

mF = 0).

This forms the basts for the calculation of trajectories of atoms from

the source to the entrance of the maser bulb and Figure 11 shows the geometry

of the problem.

The following method is used to determine the flux into the bulb. The

velocities are determined for the trajectories of the atoms that

a) graze the magnet tips and enter the bulb by grazing the
upper part of the hole--see trajectory fast (Figure 1I);

b) graze the magnet tips and enter the bulb by grazing the
lower part of the hole--see trajectory slow (Figure 11).

These are the fastest and slowest atoms that have the largest possible entrance

solid angle.

The solid angle of the magnet is given by

z Z z

= _ = 1 rp _ 1 O_ rpz (where_t=O

4,r 4 4 _tz + 4 4 v "_ in this case)
Cd

The flux of atoms is obtained by

f -vfast _. z Uo Hp 21 -v2/af
I =[ *trsZ mv z otx 4 v_ e dv,

/

"rio w

area of solid velocity distribution
= X X

source angle of atoms in a beam

where _z = Zkt
m ._ cm-Z sec 4

I° = _v a = 3. 513x I0 z2 mm/1wr-
¶ der_,ity in the source

v a -- a ¢_.rage velocity

M = mass mtmber.

* S. Dusnman, Vacuum Technique, p. 17 (John Wiley &Scns, New York).
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z ITZ _OmBD aw.-I°[ -VsZ/dZ -vfZ/dZ]I = ._rs "-'r e - e (1)

There are some faster and slower atoms that .re launched more parallel

to the axis and do not graze the magnet; however, due to the strong velocity

selecti_-ity of the system, these atoms account for only a very small portion

of the beam.

The trajectories are obtained as follows. At a distance _3 from the

exit o; the magnet

r = rp sin _0£_.__z.:_ 00 £3 r cos _0£z (Z)v v p v .

For r= _:ri

ri sin o_£z + oJL3 _£z
rp v ¢ v

Solving this for v for both signs of rz gives the velocities vs and vf.

It is useful to know the trajectory of the ee_.ter ray ri = 0, and this is
given by the solution of

.J£z _L3
tan = (3)

V v

By choosing a value of v (usually the most _,robable velocity = jr_" )

and the length of beam _, the hexapole can be des._gced if a value of maximum

fieid is given.

As an example, let the source temperature be 300°K, the magnet radius

be 1.59ram., L3 Z9 cm. Hp 8 kilogauss,and v=J_
= , = @. Sol:dngequa-

tion (3)for£z gives Lz= 3cm.

Iftheholeinthebulbhas radiusI ram., thensolvingequationz for

Vfastand V$low gives

Vfast 1.059 J3

Vslow = .0952f_.
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Subs_Atutiug these as the limits in equation (i), the No./sec./unit source area/

u-Jt source pressure in ram. Hg is given by

z I = 3.34 x 1017 ator,'.s cm -z sec -l (mm.Hg) -I
_r s xP mm. Hg

The use of a collimated source will make little change in this calculation

if the collimation is such that t.he entrance solid angle of the magnet is filled.

This comes as a result that collimation does not change the flux of atoms per

unit solid angle for small solid angles in the axial direction.

If the source pressure is taken as I0 -z ram. Hg and desired flux is

2 × 10-13 atoms/sec,* the source diameter is found to be 0.86 ram. In

prac-lce, the source collimators are about I ram. in diameter (see Fig. 3)

and are designed to operate between 10-I and 10-z ram. Hg source pressure.

Z. 4. Z Design and Fabrication of Magnets

The design of *.hehexapole follows that given by Christenson and Hamil-

ton, _ where Alnico V pole pieces are mounted in grooves in an Armco Iron

yoke. The grooves are made using a special brooch so that the yoke can be

made in one piece. Poie tips of Armco Iror. are bolted througb t.he Alnico to

the yoke using stainless steel screws. Considerable care is taken before

assembly to anneal the pole pieces and then to grind them lightly to their

finaldimensions. The hexapoiemagaet is shown inFigure 12.

The magnet isenergizedby windingaltez_'_atesectionsoftheAlnico

withZ5 tu.-nsofNo. 16 t.efloninsulatedwire. A I/8"ironred isinserted

inthegap toclosethemagneticpaths. A shotofcurrent,obtainedfrom a

d.c. alcwelder,providessufficientmagnetizationtosaturatethesystem.

The fieldismonitoredby usinga Halleffectprobe acrossa pairofpoles

and saturationcurrentcan be measured. The actualfieldatthepoletips

isdifficulttomeasure due Sothesmallsizeofthegaps. However, by

usinga thinHallprobeone obtainsan averageoverthearea ofthecrystal.

This isabouttwicethethresholdflu)c,forthemasers currentlyin operation.

- Z6 ..
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Normally, this reading is greater than 7 kfloganss; however, since it is

not possible to determine the effective area of the crystal without destroy-

ing the probe, there is considerable uncertainty in rids measurement.

A better and more fundamental measurement can be obtained from a

coil rotating on the magnet azis and whose windings come close to the pole

tips. This is necessarily a small coil and the average effective coil area

for a field with a strong gradient is not easily determined; nevertheless,

the measurement should be good to 1_. Measurements _f several magnets

using this technique have shown that the fields are of the order of 8 kilo-

gauss at the pole tips. The signal from the rotating coil should be at 3

times the frequency of rotation, and asymmetries in the field distribution

show as signals at the rotation frequency. This serves to check the mag-

net for uniformity.

Z. 5 The S_orage Bulb

The principal advantage of the hydzogen maser is obtained through

the use of a storage bulb having walls coated with a substance that has ex-

tremely little effect, upon the colhding hydrogen atom. Atoms with average

velocities approximately 10_ cm/sec collide with the walls, rebound and

suffer a phase shift with reference to the vector describing the "natural"

r.f. precessmn frequency that can be best described in the following way.

An atom, entering at l0 s cm/sec into a bulb roughly 10 cm. in diameter,

will traverse it about 10 4 times bc.%re leaving. In doing so it will have col-

lided about i0 4 times with the walls of the bulb. It has been found experi-

mentally _ that the frequency shift under these conditions using teflon walls

is a few parts in 10li. This corresponds to an average phase retardation

of I0 -5 radi_ns per collision.

This remarkably smaU frequency shift is analagous to the pressure

shift of gas cell devices but very much smaller. In gas cells the shift is

observed to increase or decrease the resonance frequency defending on the

type of buffer gas. The decrease in frequency is due to electric fields that

D. Kleppner, private communication.
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alise during the collision, and it can be described as a Stark shift. In

cases where an increase is observed, the effect has been described as due

to collisions that involve deeper penetration and interaction of the electronic

clouds surround_,_g the collidh_g atoms. There results from thes_ stronger

interactions a confinement of the valence electron of the active atom to a

volume that is smaller than normal. From a wave mechanical point of

view, since the electron spends more time in the v:cinity of the nucleus it

has a higher energy of inter'action and hence a higher frequency.

The hydrogen interaction with various walls has been measured for

two substauces, namely dimethyl dich] oi'o silane (drifilm) and tetra fluoro-

ethylene (teflon). Both these have shown negative shif,*.s. It is very impor-

tant that more study be devoted to these shifts and that various types of

coatings be investigated and catalogued. It is very likely that a coating can

be found that will show far less shift than presently observed for teflon.

Experiments will soon be in progress to measure a series of substances.

There are two stages to this determination of wall shift. The first

is to verify that the substance in question will not cause relaxation on colli-

sion. For *,his purpose special bulbs have been made having a large opening

a_ the end opposi*_e the entrance hole and coated internally with teflon. The

large hole will be closed _iih a plate made of, or coated with, the sample,

mad the maser *_henoperated. Frequency shift measurements will not be

made using ,,h'.'s bulb, as the surface in question is not large enough.

Hawng found that a pa_icular coating does not. relax the h3<trogen

a_oms, ,he secor.d stage of the experiment consists of coating or manufac-

turl_g a bulb of s_audard dimensious z.nd time constant and operating the

maser _o compare against others having a standard coating to obtain the

rela*Ave shift.

The absolute shift is obtained from a series of measurements of

bulbs having different diameters to obtain different collision rates (the

velocity of the atom is assumed to be that for thermal equilibrium with

- Z8 -
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, the bulb). By varying the collision rates, the shift in frequency can be

_ extrapolated to zero rate giving information about the zero collision reso-

nance frequency as well as the phase shift per collision.

i 2.5.1 Bulb Coating Techniques

The application of the coating to the bulb should be done in as well

controlled a manner as possible to assure reproducible results. So far

only three types of coating have been used--dimethyl dichloro silane, tetra-

fluoro ethylene (T. F. E. ),** add fluoro ethyl propylene (F. E. P. ). _* The last

: two belong to the "teflon" family, the former having a high melting point

and the latter being fusible.

Coatings with drifilm are chemically bonded to the sub_trate of sili-

con and oxygen probably through the OH groups that are bound to the quartz
I

._ surface. The hydrogen combines with the chlorine of the drifilm and is

evolved as H C_ leaving the silicon atom bonded by the vacated oxygen bond.

! In effect the drifilm becomes an extension of the quartz {SiOz) surface.

To apply the drifilm, the following procedure is used. First the

bulb is cleaned in a chromic and coDcentrated sulphuric acid bath and

rinsed carefully in distilled water. The bulb is then dried in air and

equipped with a tube leading to its center through the beam aperture.

Argon gas is filtered and bubbled through the liquid dimethyl dichloro -

z silane and made to enter the bulb. The gas that emanates from the bulb

is monitored, and by estimating the size and number of bubbles, one corn=

plete change of atmosphere in the bulb is made using the saturated argon.

The bulb is now placed on a well trapped mechanical forepump and evacu-

ated. This evaporates the drifilm that is not bound to the quartz. The

bulb is now ready for installation.

Bulbs to be coated _ith drifilm generally have integrally made aper=

!. tures that control the bulb time constant. Bulbs that are to be cogted with

teflon use stoppers made of solid teflon with suitably bored holes to pro=

vide an aperture having the desired collimation.!

T.F.E. Teflon, and F.E.P. Teflon are duPont products.-,j
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Coatings of teflon are applied from the water dispersion of T. F. E.

or F.E.P. teflon resin. These have roughly 50_ solids with water and a

wetting agent added. It has been the practice in this laboratory to roughen

the inside of the bulb by agitating a mixture of clean glass shot and carborun-

dum. By providing such a surface it is believed that the adhesion of the

teflon is improved.

The resin is generally diluted Z:l with water and a few cubic cen-

timeters of it are very carefully introduced into the bulb using a pipette to

avoid making bubbles. The bulb is carefully wetted all over by revolving

it and then placed in a rack to allow the excess resin to drain through the

stem. Curing of the teflon is done under vacuum and at temperatures up

to 475°C in the following way. The bulb is installed on a vacuum stand con-

sisting of a liquid nitrogen cooled trap and a mechanical forepump. A low

temperature bakeout at i50°C is used to drive off the wetting agent, and

this temperature is maintained for about 10 minutes. The bulb is then

raised to 450°C to 475°C as measured on the bulb surface by thermocouples,

and the teflon is observed to fuse into a relatively smooth film.

A rudimentary check of the coating ca_ be made by putting a drop of

water into the bulb and observing it roll around. If the water sticks to the

surface anywhere, it is a sign that the coating has a ilaw.

It has been observed that the coating thickness or uniformness has no

effect on the maser and that fairly heavy coatings, fused in this manner

under vacuum, do not outgas appreciably when installed in the maser, and

no bakeout of the bulb is necessary.

Z. 6 The R.F. Cavity

Of all the sources of instability that presently beset atom beam reso-

nance devices, the cavity or r.f. structurc is the most troublesome. In

the case of the hydrogen maser, the detuned resonance frequency of the

cavity will "pull" the oscillating frequency of the transition. Similarly in

the case of the r.f. stlxmture on beam resonators, an asymmetry in the
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phase of the r.f. c_ lpHn.; ,_a,_ test_t ip a pulling of the resonance frequency.

For devices _ach .,_ the hydrogen maser where the line Q is larger than

the cavity Q, this express' n has the form

(_ - coo) ----(O_tun_-wo)
_z

where Qe is the loaded Q ofthe cavityand

Q; is the line Q of the atomic transition. (In hydrogen mas,_rs,

-_ where ?-_ is the storage time constant of the bulb.
' Q£=2_

The ca_qty Q also play_ a role in the threshold level of flax for oscillation.

hV_ z
Ith =

8 _taoZ Q

where h is Planck's constant,

V "_ the volume of the cavity
_: _ is the bulb relaxation time constant

/a o is the Bohr magneton

Q is the loaded quality factor of the cavity

¶ is the ra*Ao <Hz 2>b

< HrfZ >V

Hzb is the component of r.f. magnetic field parallel to thed.c. field in the bulb.

One can gain in insers_tivityto cavitytuningby diminishingthe loaded

cavityQ by decreasing the value of? for a given fluxlevel. The term _(,

however, consists of many relaxationconstants such as exittime constant,Yb,

wallouenching, ? w' spin exchange, ?se, and the effectof impurity gases,?imp"

= + _¢se +_' Yb + Yw ¥imp

Of these, at low flux intensities the most important is the value of _b which

normally is made about 3 see 'l . The value for Yse depends on the pressure

in the system and for normal operation is usually about I. 5 sec q.
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Typical values used at present are

Qc = 4 × 104

Q£ = 14 x 109

so tha_ fo._ a l_ac,.m_al frequency stability of a few parts in 10l_ the cavity

must remain tuned to within 5 cycles/sec.

i.q the fiz st masers the bulb formed part of the vacuum envelopc and

the cavity, surrounding the bulb, was open to the atmosphere. Changes in

barometric pressure a_d in humidity wil! alter the dielectric constant o;

the air in the cavity sufficiently to detune the cavity. A simple solution to

this problem is to enclose the cavity in the upper vacuum system. Other

advantages aze als_ realized due to simplification in the bulb mounting as

well as in thermm ,nontroi. The cavity and bell jar vacuum envelope are

shown in Figure 13.

I?o achieve the necessary stability against thermal and mechanical

variations_ considerable attention was devoted to the structural design of

the resona¢or. In a ,'elatively quiet environment where no large shocks or

accelerations are expec*_ed, the mechanical ilexure problem is not difficult

_o solve and the primary cor cern is thermal rnovemeuts. One can cope

wi'_h the problem by reducing the thermal variability of the cavity and by

stabilizing the environment of the cavity so th2t thermal fluctuations are

very small. These methods are now in use. Temperature compensation

of a cavity can be obtained in several ways, and considerable simplification

results from the fact that the cavity is used over an e_remely narrow band

of frequencies.

The presen_ cavities are cylindrical in form and operate in the circu-

lar E mode that presents a reasonably large volume of uniform r.f.w.ag-

netic field. By using a hollow silvered quartz cylinder having a low e_panston

coefficxent, gross thermal detaining can be avoided. The residual detuning

can be compensated by mourning one of the ends on metal posts that expand

inward as the walls expand radially outward (see Figure 1). For an unloaded
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caw:_.y, the calculation is relatively simple. However, for the present con-

[igurat_or_ involving a quartz bulb, the problem is somewhat different. The

: import.an', parameter is the t,xning rate in megac),cles per cm. of motion of

=he end plate. Measurements have shown that the cavity length must be

: changed from Z7.9 cm. to Z4. l cm. in order to stay in resonance when a

t_pical bulb is introduced. The tuning rate for the loaded cavity has been

measured _ was found to be vex 3, nearly that of an unloaded cavity having

the loaded cavity dimensions.

i For compensation we need the sum of allthermal frequency shifts

to equal zero.

B_r i _v br

IL = _rr _'_i" ' the radial thermal ttming rate,

= _ aq rq where _ is the Unear coefficient of
expansion of the quartz,

rq is radius of quartz ca_qty,

L_'T --- _-_ _ . the axial thermal tuning rate.

is made of two parts--an elongation of the quartz and an elongation

of the compensating posts.

bT = _ _ £q- @p $p) where _¢p is the linear coefficient(Otq of expansion of the com-
pensating posts,

Lp is the length of the posts.
For compensation:

b_ I + b_ I = 0

_r aqrq + _- {aqSq-apSp) -- 0

_r_r = _q L_"-_---_,,_rq + lq
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Sin,_e _ is determined by the length of the quartz and the degree of

the dettuung due to the load, and _ is given by the nature of the materials,

i_ is often necessary to use two materials having different _'s such that

Fine tuning of *.he cavity is done by means of a small plunger entering

the lower end plate of the cavity actuated through the vacuum envelope by

means of bellows and adjusted by a finely threaded positioning nu'.. (See

assembly _Z to 60 inclusive, Figure 14. ) Coarse tuning during assembly is

obtained by etching the compensating posts (42) (43) of Figure 14.

Thermal compensation as described here is affected adversely by ther-

mal gradieMs and care must be taken to keep the temperature of the cavity

as uniform as possible. This topic will be discussed in the following section.

Z._. 1 Thermal Co__tro!

In the previous section a description of the technique for thermally

compensating the resonant frequency of the cavity was described. It is

necessary .'.o reduce ".emperature gradients as much as possible for this

tecb_:ique to be successful. A further large gaiu in frequency stability is

realized by controlling the t mperature. The cavi_.y is enclosed in two con-

ceotrlc cylindncai ovens. Each oven consists of bifilar heater coils wound

on an alun_num cylinder capped at both ends. (See 4, Z8, ?9, 45, 47 and

67, Figure 14.)

The cylinder and caps form an isothermal enclosure. Bet-cceen the

outer and mr.er oven there is an insulated gap 1 inch in thictmess filled with

glass fibre (17).The outer oven is similarly insulated. The inner oven and

bell jar are in good thermal contact using copper tube pellets (20), and the

bell jar (33) forms a second thermal equlpotcntial. Heat conduct2on to the

cavity from the bell jar is provided by three copper mounting studs (14) to

the cavity base (16) and by three silicon bx-onze rods (21) to the cavity top

and compensating system (19, 37, 39, 4Z, 43). There are numerous
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undesirable paths for heat conduction such as between the ovens at the

moun_ing spacers (|, Z, 3, 8Z) and ti_ese spacers are made of tain stainless

steel tubing to minimize the effect. Ma_or heat leakage paths such as the

r.f. coupling (76, 15) and tuner mechanisms (60) are tied thermally to a

thermal reference plane (74, 75) clamped at the base of the neck. The tem-

perature difference across the copper neck {6Z)be._ween this plane and the

base plate of the bell jar (13) is deter'_ined by a 10 junction thermopile

with a sensitivity of 600 UV/_C aud used to servo a heating coil bifllar wound

at the base of the thin stainless section (70). An auxiliary control winding

is also located at this point and its function will be described below.

Temperature sensing for servo control of inner and outer ove_s is

done by platinum bridges located on the aluminum oven cylinders midway

between top and bottom. A separate bridge for mor,i_oring is located at the

bell jar base. As the excitation for the bridges must be floating with respect

_o ground due to the desirability of having unbalanced inputs to the servo

amplifier, a floating 0.8 V excitation supply has been made using t_'o photo

cells illuminated by a tungsten bulb. This supply is well shielded _ d very

constant. The outputs from the bridges have a temperature sensitivity of

_. 6 × 10-3 Vo/¢C and are led to chopper stabilized amplifiers which con-

trol thc heater current. The gain of the sysCem as given by Tou t ATin is

approximately 100.* The circuits for these amplifiers are shown in

Figure 15.

Heater power from the outer oven servo amplifier is also applled to

the auxiliary winding on the neck and provides heat to compensate that lost

to the outside of the maser.

The time constan_ of the response to the transient temperature shift

ior the inner oven is about Z. 6 hours, and the control under normal room

: temperature range is such that the temperature monitored a_ the bell jar

-. base is held to within _ 0.014°C.

Note: Limited by leakage paths and not servo gain.

- 35 -

4

1964019783-061



1964019783-062



..... . "#-30 V.

T--_Iz_- ' To/YeAr_a' lu'#,,i,,,_,,',v@
.-.,,,, .t_--7.. ---T . .

Z_I_uT . 12 .

I ...... I..

,,=-,,_15

i

9640"I 9783-063



2.7 .Magnetic Shielding and Field Controls

The requirements for magnetic shielding and control of the residual

magnetic field are best understood by consiaerJng the Breit-Rabl formula

E ?/xW _ tl om ±AW° 1+ x+x _W (F,m) ,_ - 2 {2I _- 1) I _ 2_

For the transitionF = 1, m F::0-_ F=0, m F =0 of atomic hydrogen, the

energy difference __W= h A_ is given to second ordex in x by

5'_° x _
_', --" A_ +

o 2

Af = An-Av = 2750H 9
o o

Af is the frequency shift due to the presence of the magnetic field in the bulb.

The shift is quadratic in H and for the case of the hydrogen maser where a:_o

atom occupies, on the average, all the space inside the bulb, the average of

H 2 must be taken in calculating hr.o

Gradients in the bulb can produce relaxation of the excited states in

several ways. If the field in the bulb is very small and has gradients, it

is possible for Majorana transiOons to occur due to motion of atoms in the

spatially varying field which appear as time-varying fields to the atom.

Transitions occur when the component of r.f. thus generated is sufficiently

strong in the frequency range associated with the transition. These transi-

tions invotve cbz,,_es ± 1 in the m value of the upper energy state.

A second "relaxation" involves the phase decorrelation of atoms as

they spend their time in fields of varying intensity. A spread in the phase

of the oscillating magnetic moments of atoms occurs when the atoms w_tnder

about in regions of higher and lower d.c. magnetic fields. This effect is

more pronouuced at higher fields and, for the F = i, m F = 0 - F = 0, m F = 0

transition, arises from the quadratic behavior desc_-ibed _,bove as _ = 2750 Hoa.

The control of frequency against field fluctuation is best achieved at low

fields as shown below.

d hf = 5500H odB °
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If the uniform field is produced by a solenoid, then H will be propor-o
tional to I and

dH
d Sf = 5500 H _ o

o H
O

= dI
= 55O0 H° -]--.

Given TdSf = 10TM and Ho = 10 -a oersteds, then
I

d I 10-__f
= 5.5 x 10.$x 10-6 = 2.5 x 1.0-a.

This degree of current stabilizationisnot difficultto obtain.

2.7.1 Magnetic Shielding

! The problem in magnetic field control is that of removing the ambient

field and replacing it with one that is uniform. The shields will play two

i roles in this effort. First, they reroute the externally applied field lines away

from the interior. Second, the inner shield fo_ms a cylindrical equipotential

surface for the fields generated by the interior solenoid.

When the solenoid windings are brought right up to the end caps, the

currents and their magnetic images will produce the effect of an infinite

solenoid and provide a v_ry homogenous mP.guetic field.

The effectiveness of the shield depends upon the magnetic permeability

of the material from which it is made. In the case of an infinite cylinder of

radius b and thickness t, the shielding factor G can be given very closely by

G = y____t
2 b"

For two concentric cylindricalshieldswhere the spacillgbetween them islarge

compared to the radius

G = _=tas s > >b •
,, 2 b a

i
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The progression from one to two shields indicates that the spacing

_s as impo_'tant as the thickness. More important, however, it is seen

that the shield factor depends on the permeability raised to the power ,-

where n is the number of shield_ Shielding materials such as mu metal*

are described as having permeabilities in tne 104 to 105 range and therefore,

t_]_ical double shields shy, ld have, shielding factors of about 104. The in-

terior fields for an exterior ambient field of one gauss would then be 100

microgauss. Unfortunately, there are other properties oi the met21 that

deteriorate this performance considerably. At low fields {tens ofmilligauss

and less) the permeability is less high, but more s,_rious is the question of

remanence or permanent magnetization that may be present in certain areas

of the shield. These are removed by degaussing the shield by the usual tech-

nique of using a slowly diminishing a.c. field. However, an improperly

annealed shield will have "hard s--ors" whet the coercive force a_d remanence

may be high and the shielding effect for s _mall change of field will be poor.

Due to the quadratic nature of the magnetic dependence with frequency

at low fields, it is desirable to operate the device at as low a field is possible

to minimize the effect of field fluctuations o,. the output signal, it is important

to consider the effectiveness of the magnetic shielding before setting a magnetic

field intensity at which to operate. Fl _ctuations in the external ambient field

due either to terrestrial or local causes will be shielded out of the _.nteraction

region by a factor, S, wnich depends on the nature of the shields. The internal

f_,eld change is 1/S times the internal field change

1

AHoint = _ 5Hoex t

The level of field at the bulb chosen for operation must be greater than

the largest 5Hoext expected in order to avoid gradients large compared to
S

the average field in the bulb and the consequent Majorana tran_;ition:_.

Triple shields consisting of concentric #metal cylinders having the

following dimensions have been used.

* Allegheny LudlumSteel Corporation, Brackem'idge, Pa.
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_., _ Diameter Thmkness ofMetal

Inside 32" 15" 0.025"

Center 34" 17,' 0.025"

Outside 36" 19" 0.032"

The incremental shieldingfactor S for changes ofHoext of 0.05 gat_ss

has been measured and found to be between 190 . Ld250. The factorbased on

calculationsinvolvingthe low fieldpermeabilityof a_u metal isvery much

greater. However, littledata on incremental permeability atvery low fields
b

isavailableand itislikelythatothe! materials such as moly pernlalloymay
t

be superior in performance.
'!

_. The shielding problem is _me which might be broken down into two parts.

The firs' problem would be to obtain shields _hat will reduce the external am-
7_

_, blent field from 1 gauss to 0.01 gauss regradless of the orientation of the shield

in the external field. The second part of the problem is to construct an inner

shield having very good incremental shielding factors that would operate in th _

low field environment created by the oulc_: _hield.

At present the shields exhibit some residual magnetism and mus_ be

degaussed while in the amb,ent fietd of the place where the maser is located.

The process is really not one of demagnetizing _he shields but rather one of

re_ligpingthe ferromagnetic domains of the shmlds to the posltio,_of least

energy with the ambient field. Unfortunatelythese domains stillrequire el_ergy

for theirrealignment and thisissuppliedby the usual method ofupp[yingan

a]ter_mtingmagnetic fieldthatgraduallyis diminished to zero. The emphasia o_

the deslgn o[ very low fieldshieldsshot,ld not be placed on higb mu materials"

itshouldbe placed on having low coercive force. Ifa glven material does not

have both properties,then a composite system should be built.

An importap.tlocalcause of fi_-Idpc, _urbationresultsf_om the magnets

used on the two Vaclon pumps mounted on the maser. The problem nf shielding

the static field is not serious since the existing triple m', metal shields, properly

dcgau_sed, will p:ovide fields low enough for maser operation. However, since
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these external magnets are strong, the external static field can be varied

easily by the presence of magnetic materials moving neath j- that change

the reluctance of the magnetic paths. These effects are minimized by

housing the magnets in shields consisting of two layers. The inner layer

is made of 0.007" permalloy and is spaced at least 2 inches from the

magnets. The outer layer, spaced one inch from the inner layer, is made

of 0. 032" mu metal. Both magnets are ho_sed in the same enclosure and

are oriented so as to present a small total dipole moment.

2.7.2 Degaussing Techniques

Several methods for degaussing shields have been tried, and these

will be briefly reported.

The first method used was to wind a degaussing coil about each shie|d

and separately energizing it from a variable transformer. S_xty-cyc!e al-

terr_ting current was applied _o as to saturate magnetically the mu metal

and the current ws_ hen reduced slowly to zero. Each shield in turn, from

the outside in, was degaussed. Besides being cumbersome, this method had

.'.he disadvantage o_ not effectively degaussing the end caps of th_ cyl._ndrical

shicltis.

A second method was triedwhich involvedwinding a ceiltoroidally_bout

each shield,threadirLgthe wire throagh the insideand around the outside. C_.ps

were wound inthe san_e manner by passing the wire through a small center hole

in the case of the upper cap or through the hole for the mounting neck £nthe case

ofthe lower cap.

Each piece Pad a one-tur,,pick up coilused todisplaythe satur_tt_cnand

monito_ the process on anoscilloscope. In allcases a magnetomotive force of

lessthan 500 ampere turns was necessary to obtainsaturation. Degaussing

using thisprocess was more satisfactot_than previously,althoughthe technique

was more com,_licated.

Simplificationofthe method was oLtainedby passing 500 amperes through

a one-turn coilthatthreadod allthe shields. This 'boil"consistsof the conducting
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bell jar arBl an insulated terminal on the top of me shields. The connection

is made as shown in Figure 1. A copper bar is threaded in an insulating

bushing and tightened so as to contact the top of the jar. High current cort-

nections are made to the bar and to a lug at the base of the neck, and lead

to a low voltage, high current transformer fed by a variable transformer.

The powe. required is moderate and readily controlled by a 1. 5 KVA v_ri-

able transformer.

2.8 ._ic Field Measurement

The importance of Lh_ magnetic field stability has been described and

: the necessity of making accurate measttrements is quite obvious. If one

considers the energy level diagram (Figure 10}, it will be observed that the

upper energy level designated ._ F = ] is a triplet state 8xLdits degeneracy

is resolved into three components when a magnetic field is applied. Transi-

tions can be made from the m F = 0 level to both the m F = + 1 and m F = - 1

levels, and at low fie,ld, the transition Ir_.._',_ncy is given by hf = 1.4 x 106H

cps. By observing the level of oscillation of the maser while meac t;ansi-

tions are being made, it is posstbIe to resolve the applied frequency to better

than one cps, which gives a precision to the measurement of better than

7 x 10-_ gauss. In view of the long resonance interaction time of the hydrogen

maser, it is potentmlly an outstanding mag_etometer. Operated as a maser

using the field dependent transitior_s, the output frequency will represen_ the

center of the narrow line resonance in a manner equivalent to dividing the

line into many tholL_and parts. Measurement of field variations accurate

to I0-t! gauss should thusbe posslble.

Includedm the maser is a Helmholtz coillocatedimmediately outside

the cav#_vand orientedto produce an alternatingmagnetic fieldtransverse to

the d.c. fieldas prescribed by the selectionrules for Am F = :_1 transitions.

These windings are not grounded to the apparatus. To do so would make pos-

: sible Seebeck effect currents from a warm junction of dissimilar metals inside

the bell jar and a cooler junction in the room. These currents through the

Helmholtz array willcause spurious fieldsinthe cavity.
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Power from a variable frequency oscillator at 50 ohms impedance is

fed through a set of attenuators to a step-down transformer, the output of

which is connected to the Helmholtz coils. To make a measuremer_t, the

maser oum_ power level is monitored by observing beats against ancther

oscillator. A signal _t high level is applied and sca_ed in freqaency until

the oscillation of the maser is seen to be quenched. Power to the coils i_

reduced and finer adjustment of frequency is made until the desired level

of _ccuracy is achieved. Care sEould be taken to be sure that the resonalt

frequency is not a second or higher harmonic of the sig_ generator. It

is often found that some generators are quite rich in Imrmonics. A _imple

check can be made by doubling and tripling the oscillator frequency.
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3.0 MEASUREMENTS AND DATA FROM HYDROGEN MASER EXPERIMENTS

3.1 Introduction

The e^_erimental program at Varian Associates, Bomac Division, has

bee_ in progress _t,_ce December 1950. Support from the Office of Navai

Research was obtained in September 1901 which was directed toward the

research and development of hydrogen masers. In Febraary 1962 Var_an,

Bomae, contracted with the National Aeronautics and Spece Admimstration

to construct t_._ state-of-the-art- masers. These were built using the best

techniques known at the time and are shown in Figure 16. A cooperative

effort between NASA and the navy resulted in measurements made on the

NASA masers via V. L.F. transmissions and Loran "C" against standards

monitored by the Naval Observatory in Washir_,ton.

In the following section, data will be reported from measurements of

the relative stabJiity of these two masers as well as their stability as mea-

sured via externa! communications. The external data was submitted daily

to Dr. Wi]t':am Markowttz of the Naval ObservatoH:. The data was reducecl

and the numermal calculatior, s were then worked out and the _umbers later

reported back to the Varian Associates laboratory at Beverly, Mass.

A report by Dr. Markow!tz _s given in Appendix ] describing the

resttlts of thin comparison.

3.2 Measurements and Data

The hydrogen maser has the outstanding characteristic of being able t_

confine atoms in a relatively small volume for periods of time many seconds

in duration without appreciably perturbing the atoms as they interact with an

electromagnetic field. This long interaction time results in a very narrow

resonance that can be de_,cribed as having a line Q, Q_, equal to

o ._ o

i 25a_r 2--_

where _ is the storage time constant for atoms in the -_olunte of interaction
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with the r.f. field. The atoms enter the interaction region in an upper

hyperfine state and are stimulated to make transitions to tbe lower hyper-

fine state.

If the power emitted by the atoms exceeds the losses coupled to the

r.f. field, then the system will oscillate continuously at the frequency near

the center of this narrow resonance. In the presence of the thermal noise

in the cavity, the r. m.s. fractional frequency deviation for a measurement

made in a time interval Tob s is given b:y_4'zs'z6

(Au)_) _ = 0.113 ._/kT_o Q_ PbTObs

where K is Boltzmann's constant,

T isthe absolute temperature, and

Pb is the power deliveredby the beam to the cavity.

In thisexpression only the effectof thermal noise is considered. Other

effectson stabilitysuch as cavRy detuning,mag_mtic held fluctuation,changes

inthe wall interaction,shiftsdue to pressure effectssuch as spin exchange

processes and changes in second order DoppleT effectcan be described in

other ways.

3.2.1 C___avityTuning

The effect on frequency of cavity tuning is described by

% % - %

where _ isthe emitted frequency

isthe resonant frequency of the atom under the
oconditionsprevailingin the maser.

For operationunder the conditionsdescribed below and in order to

achieve fractionalfrequency shiftsless than 10-_s the cavitymust stay timed

towithin5 c.p.s.

Q_ Q_= 1.4 Xl0 g

_fr= 10"_3 f _ __ 5c.p.s, Q 4 x 104
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Cavity tuning currently is achieved by varyim 5 the line Q using spin

exchange relaxation processes that result from increasing the flux into the

storage volume. A factor of two change in Q£ can be obtained (see Figure 17).

To set rite maser to the resonant frequency of the hydrogen atom while in the

bulb, the cavity is tuned by comparing the maser being tuned with another

ma,,mr running at a constant rate. The second maser need not be m tuned

condition. The pressure of the source is va;'ied and the cavity is adjusted

so that no shift ip the beat frequency is observed. The resett2bility is found

to be as accurate as the ability to measure the relative frequency; it is

limited by the noise of the receiver and the relative stability of the masers

during _e measuring time. Currently one can, by this method, independently

reset two masers such that the fractional frequency difference is less titan

8 parts in 10 _a.

For coupling the maser to a receiver or other device, it is important

that the impedance seer, by the output coupling from the maser cavity be constan.t.

An isolator is placed in the coupling line to prevent c'.mnges in the line term-

ination from changing the resonant frequency of the cavity. In a receiving
q

system involving more than one m_tser the isolation is also needed to prevent

the h_:+',ng of one maser to another.

3.2.2 Magnetic Fmld Variatie__nn

Effecis of magnetic field on the F = 1, m F = 0, F ---0, m F = 0 transit,on

can be represented by

' _ - u = 2750 H =
O

and to hold the fractionalfrequency shiftto one part in 1013 requires t.mta

f.eld of 10-a gauss be held constant to 3%.

It is possible to operate the masers at fields less than 0.088 milligauss

+ by carefully degaussing the shields using a large a.c. current passing axially

through the three concentric shields. The shields are saturated at about 500

amperes and the current ".'s slowly diminished to zero. The leakage of flux

through the hole is offset by a small coil at the bottom of the Z field solenoid.
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8B outside
Since the inci'emental shielding factor, S = 5B inside , is only about

200 for the present shields, it is well to operate at about 1 milligauss to

avoid field reversal at the bulb due to cl_anges in the ambient field in the

laboratory.

The average magnetic _ _' '__,_, Ll the bulb is measured using the Zeeman

transitions 8m F = _ 1 in the F = 1 state of atomic hydrogen. Transitions

are detected by a dip in the amplitude of the output signal. Measurements

can be made well within =L1 c. p.s. or + 7 × 10 .7 gauss.

The Zeeman frequency of the masers has been measured periodically

and it has been found to vary less than 5 x 10-_ gauss.

3.2.3 Measurements

Frequency comparison measurements between the two masers have

been made by putting both maser signals into a single receiver consisting

of a mixer and i f. amplifier terminated in a diode. The output of the diode

is filtered and fed to a strip recorder. In order to get a fast read-out of

period measurements for tuning purposes as well as foL" making short term

stability measurements, the frequency of one maser is shifted by " creasing

its Z axis field by a known amount. The signal is amplified and fed to a

recorder for monitoring and to a period measuring counter opera_.ing a digital-

analog converter where the last significant digits are either printed or traced

on another recorder. This circuit is shown in block form in Figure 18.

Measurements of long term stability are now in progress. Figure 19

shows the manner in which the data is recorded, and Figure 20 is a plot of

the fractional frequency stabAity of a pair of masers that have been operating

for 7 days. There is evidence that several times the masers locked together

(see A, B, C, D, Figure 19 and Figure 20). Consequently, at 11 a.m. on

February 2 ghe magnetic field was further offset (see E, Figure t9 and 20) and

thereafter the beat was steady. A histogram of the data taken at hourly inter-

vals for the five days that followed is shewn in Figure 21. The histogram shows

two peaks and, as seen from the data, there is a diurnal fluctuation of about

5 × 10-1_. It is more likely that there is a temperature effect here than a mug-
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magnetic effect, as the latter has not been observed and the correlation

with room temperature is qui_e good. The greatest excursion in the beat

frequency is 2.2 x 10"a c. p.s. and corresponds to a re]_tive fractional

shift of 1.6 x 10- la The fractional r.m.s, deviation over one-hour in-

tervals is 3.4 x 10-13 and if the fluctuations are uncorrelated, the r. m. s.

fractional deviation for one maser is 2.4 x 10- _3

Measurements of short term stability have been made using the pre-

: viouslymentioned method of offsettingthe fieldtoobtaina 1 c.p.s. beat

frequency. The histogram for 94 measurements of the period for 10 beats

to elapse is shown in Figure 22. The r.m.s. deviationfor one maser is

8.7 x 10-_

Further data has been taken in a run thatbegan April 9 and continues

to thiswriting. Figure 23 shows the hourly measurement offrequency

differencebetween the masers for £9 contil_mousdays. The standard aevia-

tionof these hourly measurements is4.8 x 10-ts Closer inspectionof the

data willreveal an almost regular diurnalshiftwhich correlatesclosely

with temperature. On May 12-13 there isa very pronounced rise inthe

' beat rate due to a drop in !ab temperature from the normal 75 ° to below

60°F. Measured changes of the magnetic field at the bulb during some of

these fluet'_mtions have not been sufficient to cause these effects. On April

27-28 it will be seen that the beat ir_creased suddenly. This was cattsed by

the installation o: three unshielded isolators having strong magnets while we

were experimenting with the system. These were removed and the beat re-

turned to normal.

It became apparent that some check on these measurements using cut-

side standards was needed, as well as a measurement of frequency against

the A_ scale based on cesium taking the hyperfine frequency extrapolated to

zero field as b, 192,631,770.00. A program of measurements via Loran "C"

alld V. L. F. was proposed by Markowitz and Hastings involving our monitor-

ing the Loran transmitter on Nantucket island and the _/. L.F. at Cutler,

] Maine, and reporting the data to the Naval Observatory.
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The problem of relating the hydrogen frequency to the Loran and _-_

V. L.F. that operate on the UT_ time scale was solved in the following
manner shown in Figure 24. !

A klysLron reference oscillator wa_ phase locked to a 5 mc. crystal .-

oscillator by using a phase locked signal at 1450 mc/sec derived from the _,

crystal as a reference.

The klystron frequency of 1450 405 770.23 is obtained from a second

phase lock using an offset of 405 770.23 c. p.s. derived from the same

crystal using the _aval Research Laboratories' eight-digit synthesizer. =_L

Beats between the maser and the klystron occur at 3C. 000 000 03 mc/sec

and are amplified and mixed with 30 mc from the crystal to give . 03 c.p.s. _

beats that are described on a strip chart recorder. In this experiment

some power from the second maser was introduced to give information of

the relative maser stability. Figure 25 shows _ ._n_ hour sample of these

beats. The envelope describes the beats between the masers, and the

more frequent beats between the stronger maser signal and _he crystal

oscillator can be seen.

Data was taken from May 9 to May 25 with about 2 _/_ days lost be-

cause of electronic problems at our laL and at the Loran site. The beats were

counted and recorded w'_ the Loran readings, and Fig_re 26 shows time

measurements between the hydrogen ma_ers s._:l the Loran "C" taking an

assumed trcqueecy for hydrogen of 1420495 770. 200. The n_easurements can

be made to better than one tenth of a microsecond accuracy, and over one day

the spread between the readings is less than one microsecond. It should be

noted here that the Loran station on Nantucket is slaved to a station on Cape

Fear which operates from a Varian rubidium standard and that the total dis-

crepancy seen here is due to the differences between _e rubidium and hydro-

gen as well as the transmmsions of the Loran from Cape Fear to Nantucket

as well as from Nantucket to the laboratory in Beverly, Massachusetts.
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A change of one micro_econd in four days represents a change of

2.9 parts in 10_J.

C_,er the whole run of May 9 -May 23, no over-all drift was seen

and the maser was observed to be constant to within a few parts in 10_s.

3.2.4 Locking

In Figure 19 it can be observed that in those portions of the data

where the beat frequency approaches 3 x 10-4 cycles per second there

occurred a strong tendency to lock together. If power is transferred

from one maser to the other, locking can occur when the power intro-

duced is in the proper phase and of sufficient amplitude. The relation of

the amplitude to the frequency difference for locking to occur is given by

the expression relating the response of the atoms to a stimulating fiel0

1 <x_ J

P - _ Ih v _._,<x>_+ (__ _o)_

where <x>S [ h_._o]= <Hzb>S tsaveragestrength<Hzb>J of the r.f. ftetd in
the bulb

For a small amount of power coupled into a maser, locking will occur

when

Pcoupled > t__ s

For two masers isolated by 60 db and operating under conditions wl;er¢

V= land<x>I_ I,

_f ,, 2.2 x lO-4c.p.s.

3.2.6 Effects of External Ngise

In the expression for the r. m.s. fractional deviation given above, the

: effect of noise in a detection system has not been included. Receiver noise

will degrade the observed signals especially if the observation tiruo is short.
• 1

(rob s must, hcwever_ be larger than _ or the expression is not valid. )
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The maser fractional r. m.s. frequency stability over a time interval

Tob s can be described as the angular fluctuation of a phase vector cousJsting

of an amplitude vector rctating uniformly at angular frequency w° and a vector

in quadrature to it having length

2 × 0. 113 _/_akT Tob s •

The angular fluctuation

< _ e>_ -- 0.113 x 2_/kkTobs

The composite system of maser and receiver is described by a vector

representing the amplitude available to the receiver Iotating uniformly at 0_o

having in quadrature with it a vector representing the root of the sum of the

squares of the maser noise and receiver noise.

s >4 = /4 x (0.113) _ _akTTob s + NkTB

d

< 5 0 total "_/ Qc, _ Pb
Qext

where B is the receiver bandwidth

Qc, £ is the Q of the loaded cavity

Qext is the external Q of the cavity.

Regrouping the terms and rewriting this express ion in terms of f

f Q_ " Toos Y_Tobs J Qc,9,

Under the conditions that existed during, the measurements, namely

N = IO, B = lO c.p.s. , Y = O. T sec.-_, T = 3OO°K, _ = 0.18 Qc, "_Qex*. '

1.2 × 109, Pb = 10-s erg/sec, then

<_a>'_ -':9 x i0-_3 <afa>'i <Af_>'_ -I_; " 7 x 10-_'4'. # 1.4 x I0

1 see. 10 see. hr.
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4.0 WORK IN PROGRESS

Once the work of developing and constructing the two state-of-the-art

,nasemwas compieted and the masers were ready for delivery, an extension

to the original contract was awarded to Varian by NASA to conduct experi-

ments and make improvements under the following headings.

1. Conduct a measurement program for long and short term
stability using three hydrogen masers.

2. Conduct measuremenLs to determine the precision to which
a given pair of masers can be reset with respect to fre-
quency.

; 3. Conduct measureme_s to determine very short term re-
lative stability. Very short term is defined as 0.01 seconds
or less.

4. Measure the ratio of cesium to hydrogen frequenc_:es of hy-
perfine separation.

5o Compare the two NASA masers with those at Harvard Uni-
versity.

The testing of long term stabihty llas been in progress for some time and

has been discussed in the previous sections. From the dat_. obtained, one can

observe se_,eral obvious places to make improvements. The diurnal variations

are due to temperature changes in the lab and the effect of these changes on the

cavity tuning. Temperature compensation of the cavity should be improved as

weli as the means for controlling the temperature iLself. A further in-prove -

ment to this would be to redesign the resonator to take advantage of the solid

dielectric cavity idea wherein a spherical, heavy-walled vesse] is used as

both a storage bulb and a resonator. The heavy dielectric _all would produce a

resonator resonant at 1420 mc/sec., having an 8" outside quartz sphere with an

i_mer recess about 5" in diameter.

Besides the reduction in size, cor_iderable gain in ruggedness and stability

is available with this configuration. There is also the advantage that spherical,

hence isotropic magnetic shields can be used. A set of orthogonal magnetic

windings having a sinusoidal density will provide exactly the uniform magnetic
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field needed in the bulb. Work along these lines is in progress and the cal-

culation of the exact dimensions is being set up on a high speed computer, i

Further improvements in the gas handling system are needed to afford

a large range of flux control. One of the first limitations found in the cavity

tuning technique involving the variation in the beam flux was found to lie in

the control oi hydrogen flux to the discharge. The centrolling element is a

mechanical leak which leads to a palladium tube purifier and titan to tbe dis-

charge. Mechanical leaks have been found to be critical to adjust and just

about impossible to reset to a given value. The palladium tube, howe_er,

offers a measure of flux control because of the temperature dependence of

the solubility of hydrogen in this me_al.

Unfortunately, because of the desirability of keeping the discharge

system clean, the palladium tube is the last component in the llne and acts

analogously to a variable resistor across a condenser representing the re-

servoir about the palladium purifier.

Mechanical Palladium

C onstaat Leak Purifier
Pressure

Tube

Source St°r4e V°lume ()Discharge

of llarifier

Electrical Analog of Pressure Control

The pressure excursions are limited and it is very difficult to maintain

high or low flow to the source. Nevertheless, the tuning has been done and

after several trials, the relative resettability of the maser is fomld to be about

1 in I0 I_.

Improvements in this measurement will certainly be obtained with the

installation of a better flow control and this system is now under construction.
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Further beat measurements are being made and, with the help of an

8-channel recorder, the data is being correlated with other parameters

such as source pressure, vacuum pump current, roow temperature, room

magnetic field, S cavity temperature, etc. The effort is directed to deter-

mine the causes of instability and, if possible, find ways to eliminate them.

J
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5.0 REVIEW" OF IDEAS AND INVENTIONS

J

Patentdisclosureshavebeen writtenon thework done forNASA T_

underthefollowingheadings: _,_

I. Temperature Compensated Maser Cavity
_r

Z. Vacuum EnclosedCavity _.

3. ThermocoupleServoNeck Control

4. SolidStateR.F. HydrogenDissociator
i

These topicsrepresentideasthatwere ei*,herconceivedor reduced _

to practicewhileworkingon theNASA contract.Otherinnovationsand

new techniquesthathave come tolightduringthiscontractaredescribed

briefly below.

a) A common shielded enclosure for both VacIon pumps;

b) A mounting scheme for the hexapole eliminating a flanged
joint near the source;

c) The use ofa ferromagneticseptum inthevacuum system
tohelpshieldfieldgradientsfrom thehexapole;

d) The use ofa captive"O" ringjointat,thebase ofthe
bell jar instead of welding it closed;

e) The development of chopper stabilized d.c. amplifiers
for use in controlling the neck, and inner and outer
oven temperatures.
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6.0 REVIEW OF PAPEI_S AND PUBLICATIONS
f

"Design and Performance of an Atomic Hydrogen Maser," R. F .C. Vessot

and H.E. Peters, International Conference on Precision Electro-

magnetic Measurements, Boulder, Colorado, August i6, 196Z.

Trans. on Instrumentation, Vol. 1-11, Nos.3,4, Dec. 1962.)

"Frequency Stability Measurements Between Several Ht_irogen Masers,"

R.F.C. Vessot, Third Internation Symposium on Quantum Elec-

• troaics, Paris, France, February 11, 1963. (Paper to appear

in Proceedings. )

"Frequency Beat Experiments with Hydrogen Masers," R.F.C. Vessot

and H.E. Peters, 17th Annual Symposium on Frequency Control,

Atlantic City, New Jersey, May Z7, 1963. (Freque,_cy Magazine,

Vol.6, p.Z8, Sept.-Oct. 1963.)

Talks by R.F.C. Vess(_:

U.S.Navy R_I)Symposium, Columbus, Ohic, June 11, 1963;

U.S. Naval Observatory, May Z, 1963;

University o4 Rochester, January 1963;

National Research Council of Canada, December 5, 1963.
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AppendixI

• REPORT ON THE FREQITENCY OF HYDROGEN

'_ by Win. Markowitz
i U.S. Naval Observatory

24 May 1963

! I. The hydrogenquantum transitionisa possiblechoicefo_-thedefinition

oftheatomicsecond. _tisnecessarythatitsfrequencybe determinedwithhigh

precisionwithrespecttotheunitoftimeadoptedby theInternationalCommittee

ofWeightsand Measures, namely thesecondofephemeristime. Inpractice,

thissecondisobtainedfrom thecesium beam, usingan adoptedfrequencyof

770 forthecesium transitionatzero m._meticfield.

2. ONR and NASA have sponsoredresearchon thehydrogenmaser of

N. Ramsey InMay 1963,a determinationofthefrequencyofhydrogenwas

carriedoutwithhydrogenmasers constructedunder thisprogram by B_mac Labs.

The masers are locatedinBeverly,Mass. The instrumentationforthefrequency

coml_.risonwas suppliedby theNavalResearch Laboratory. The reference

system oftime __sA. !, derivedby theU.S. Naval Observatory,Wasbingtora The

maser_ at Beverlywere linkedtothemaster clockattheNavalObservatory

throughcommon monitoringoftheLoran-C stationsatNantucketand Cape Fear.

The system A. 1 isbased on cesiun_beam oscfl?_torsat8 laboratorieswhich

reportthefrequencyoftheVLF transmiss%ns ofNBA referred_otheircesium os-

cillators.These are:

Table I: Cesium oscillators,withwei_ghts,used informir,g A. I

Wt. Wt.

N.O., Wash. 2 CNET, Paris i

N.O., Rich. 2 NI_S,Boulder 10

NRL, Wash. 2 NPL, Tedd. i0

Crult 2 Neucl_tel 10

3. The frequencysynthesizersettings,thebea_counts,and Loran-C read-

ingsm_de atBeverlyby Bomac were forwardedeach day to theN_val Observatory.

I-l
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A correction of -. 0023 cps was applied to the observed frequency of hydrogen

for the magnet shift. No other corrections to hydrogen were made. Figure 1

shows the frequencies obtained. Figure 1 also shows three sets of means.

Line (a) gives the frequency of hydrogen with respect to the measuring system

of the Naval Observatory. This was stable during these tests to a few parts

in 10" 2.

Line (b) gives the frequency with "espect to cesium, which is considered

to be reproducible over long time intervats to 1 part in 10 _ :. The uncertainty

due tc wall shift of hydrogen is no_ known and is not included in the probable

error.

Line (c) gives the frequency with respect to the second of ephemeris

time. Sin_e this has been de,trained to 2 parts in 109 we round off to the

last unit. It should be noted that if hydrogen is selected to define the atomic

second, the value resulting from tt_is experiment would be that given by line

(c), but the definition would not contain a probable error.

4. Hydrogen may be used as a standard of frequency. Assuming that the

frequency of hydrogen was 751.734 we may derive values of the frequency of

Loran-C, controlled by the Naval Observatory. These are shown in Figure 2.

The mean frequency was -129.98 x 10 -to with respect to A. 1 and the probable

error of a daily mean is 3 x 10-ta.

5. These experiments have related the frequency of a particular hydrogen

maser to that of external standards located in laboratories several hundred and

several thousand miles away through VLF and Loran-C. The stability of hydro-

gen, based on internal comparisons in the laboratory and on these external com-

parison_, appears to be very high. Nevertheless, additona[ experiments must

be ready before we can say if hydrogen is superior to other quantum transitions

for defining the atomic second.

I-Z
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Taole II. Summary of Results

1963
Assuming Cs = ..770, Assuming _H = ••751.734,

Mean Epoch Interval VH = "'751.734+ Loran-C = -130.00 x i0-_o+
(weight)

d
May 12.3 1.4 +0.010cps - 1 × 10-ta

13.4 O. 6 -. 006 + 10

14.2 0.8 -.016 + 8

15.0 1.0 +.OOi -4

16.3 1.2 - .001 + 6

18.1 1.5 - .004 - 4

19.3 O. 6 .002 + 1

20.4 O. 8 -. 005 + 3

22.5 0.8 + .007 +4

23.4 1.0 + .003 + 5

I J
P.E. of unit wt. = • 0.005 cps P.E. of unit wt. = ±3 x 10-t s

(a) 1 420 405 '?51. 734 :i: O. 002 cps

(b) 1 420 405 751.73 :_ 0. OZ

(c) 1 420 405 752 :i: 3

I-3
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